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ABSTRACT 
 
In recent years, the construction has been under pressure to operate with greater 
finesse and accuracy. There were two main reasons for this. Firstly, with the economy 
becoming more mature and environmental issue gaining importance, the constraints on 
construction were gradually increasing. Secondly, it was recognized that effects on the 
environment must be minimize to avoid pollution problem. This pressure accelerates the 
advance of technology in the construction field.  
 
For a road embankment constructed on soft subsoil such as Ariake clay, large 
settlement and lateral deformation will occur. These deformations will be transferred to 
the surrounding ground surface and subsoil and will damage the adjoining buildings and 
agricultural lands along the highways. Moreover, among the various techniques for 
reinforcement embankment on soft ground. Most of reinforcement embankment 
methods use the artificial geosynthetics as the reinforcement and/or chemical admixture 
as additive to improve the soil strength. The use of the artificial material for long term 
for improving the ground may work out expensive and may create environmental 
problem. Timber Raft & Pile method is considered as one of the most versatile, cost 
effective and environmental friendly methods, which will not pollute the environment 
when compared to other methods, in which the artificial geometries are used.  
 
In order to evaluate the effectiveness of the Raft & Pile foundation on the basis 
consideration of both stability and deformation of clay foundations. The laboratory 
model tests are conducted, in which width of raft and length of pile and the connecting 
manner with tie rod for pile line. Simple index for evaluate effectiveness of Raft & Pile 
is purpose. The result show that effective of Raft & Pile foundation can be reduced both 
settlement at embankment canter and heave beyond toe of embankment significantly. 
The results of the model test need to be validated by full-scale tests in the field. 
The scale model of a new pattern of raft that consisted of timber in circle shape 
diameter 6mm and composed together by using screw, in order to mirror the true 
physical flexural behavior of an original phenomenon, or prototype level. In total 
twenty test cases of tree-point bending test on composites Raft were conducted to 
investigated firstly, the effect of No. layer of raft and effect of pattern of axial raft 
element, secondly, to evaluate effectiveness of Raft composites pattern support to 
design criteria, thirdly, to links between the composites short timber Raft (simulated 
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field condition) and composites long timber Raft (simulated FEM analysis). Based on 
the result, composites raft very flexural response that can be use as flexible foundation 
support road embankment, number of raft layer and No. of axial raft element were 
significant on rigidity of composites raft for construction. Links between the composites 
short timber Raft (simulated field condition) and composites long timber Raft 
(simulated FEM analysis) and relation of EI between design and FEM analysis in term 
of layer Raft are purposed. 
To verify the effectiveness of Raft & Pile foundation that depending on the 
condition of ground and loading in each situation of road embankment construction. 
Finite element analysis is one of the useful approaches to make clear the effects with 
various analysis conditions. FEM simulation embankment height 5.5m constructed over 
soft Ariake clay ground using a computer code PlaxisV.8. One most important aspect of 
design of Raft & Pile foundation, it is required to estimate a residual settlement of the 
road surface. Based on the result of FEM analysis, the effective of timber Raft & Pile 
can be reducing both settlements at embankment center and heave beyond toe of 
embankment, effective of timber Raft & Pile can be reducing development of 
displacement and excess pore pressure in the subsoil with time response, also clearly 
that embankment load was carried by raft, the contribution of the piles was found to 
decreases at large displacements, Raft only can be reducing differential settlement 
beneath embankment more effective with pile in reducing differential settlement at 
transition zone and heave beyond toe of embankment and investigated Raft & Pile can 
be support design criteria such as necessary layer of raft, optimum pile length, thickness 
of corrected filled material and differential settlement inside and outside toe of 
embankment.  
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INTRODUCTION 
 
 
 
 
 
 
 
1.1. General 
In recent years, the construction has been under pressure to operate with greater 
finesse and accuracy. There were two main reasons for this. Firstly, with the Japanese 
economy becoming more mature and environmental issue gaining importance, the 
constraints on construction were gradually increasing. Secondly, it was recognized that 
effects on the environment must be minimize to avoid pollution problem. This pressure 
accelerates the advance of technology in the construction field.  
For a road embankment constructed on soft subsoil such as Ariake clay, large 
settlement and lateral deformation will occur. These deformations will be transferred to 
the surrounding ground surface and subsoil and will damage the adjoining buildings and 
agricultural lands along the highways. Moreover, as an alternative if there are 
piled-structures such as bridge abutments and/or box culverts across the road, there will 
be large differential settlement problem between approach and the piled structures. This 
differential settlement will affect the vehicle ride quality and/or even obstructs the 
vehicle movement. Therefore, the soft subsoil should be treated throughly applying 
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various methods such as sheet-pile method, basal reinforcement of embankment, deep 
mixed columns, and light-weight fill materials.  Most of these methods use either 
geosynthetics as reinforcements and/or chemical admixture as additive to improve the 
soil strength. The use of the artificial material for long term for improving the ground 
may work out expensive and may create long-term environmental problems. 
The dissertation proposes a new foundation improvement method for an 
embankment on soft subsoil to reduce the deformation of embankment by using natural 
and environmentally-friendly materials. 
 
 
Figure 1.1:  Ariake sea coast road embankment. 
 
1.2. Research Background 
1.2.1. Ariake sea coast road embankment 
The regional high standard road and the disaster prevention road of the 
extension(~53km) where Fukuoka Prefecture Omuta City is made a starting point in the 
Ariake Sea coast. 
Saga Prefecture
Omuta
Kashima
Fukuoka Prefecture 
Ariake Sea 
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1.2.2. Strategy of wood use as construction material in Ariake sea coast region 
Management forest and land use of mountains area for five Prefectures around the 
Ariake sea coast, a huge amount of forests in the state of not being maintained exist 
(acts such as planting, the weeding, the improvement cuttings, and thinning). When 
even only Saga Prefecture reaches 53,000 - 83,000m3 a year (2001 fiscal year results). 
Since timber locally-available to be use as Raft & Pile, free except for the 
transportation fee, which is an economic way but also to aim at the reproduction of the 
forest in the Ariake Sea coast region.  
 
1.2.3. Safety-high durability and environment friendly of timber foundation on soft 
ground 
The proposed Raft & Pile method uses the natural material thinning wood and 
revives the principle of an ancient technology such as "Ladder Douki", "Well crib and 
Citigou" that has been often used as a stone wall base of a flat castle , and "Floating 
foundation" at the present age.  
When building stone structures on soft ground, it was first necessary to drive piles 
in the soil. Ladder-shaped foundations of wood were then placed on the piles before 
stone could be laid. Clearly, this type of work requires a deep understanding not only of 
stone, but also of how soil and water behave. The principles of marsonry were 
transmitted word-of-mouth though history. Phrases such as “the strength of mutsume 
(stone with six contacting forces)” and “backfilled stone walls last longer” are still use 
today (Penta Ocean Construction, 2000). 
 Here, some examples of the wood use are enumerated in engineering works. 
Figure 1.2 show the process of construction a stone arch bridge Nishidahashi,, 
Kagoshima city, Japan up to now of about 160 years ago. Ladder Kiriki method was 
especially spread in Nishidahashi and the location of timber raft foundation shown in 
Fig. 1.2. Field investigation of Nishida bridge foundation in 1996 (see Fig. 1.3) was 
indicated that timber raft foundation was safety, high durability, and environment 
friendly since timber are natural material, the raft timbers will not give pollute to 
environment.  
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Figure 1.2: A bridge model of Nishidahashi, Kagoshima, Japan. 
 
Figure 1.3: Field investigation of Nishida Bridge foundation (1996). 
(Construction year:1846)
Nishida Bridgeida e
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Figure 1.4: Kurosaki dike embankment excavation investigation, Saga prefecture, Japan. 
 
A large amount of woods used for the base of the old willow river clan and the 
Kurosaki dike embankment height of about 6m shown in Fig 1.4, wood had been used 
from the small branch to the leaf with minimal waste. Moreover, wood is placed 
beneath the embankment, and Pile of the proposed Raft&Pile method support at toe 
both side of the embankment. It have been constructed about 350 years ago.  
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1.2.4. Develop a non-polluting construction technology to minimize environment 
impact 
The increasing of demand of our civilization has been under pressure to operate 
with greater safety and reliability. Indeed, Earth’s atmosphere is so thin we have vastly 
increased the amount of carbon dioxide, the most important of the so – called 
greenhouse gases (Algore 2007). Recently, the global warming is progressing in terms 
of green house gas emission (Fig. 1.5). Japan has the obligation to reduce CO2 
emissions 6% less than the amount of 1990 by average amount of 2008~2012 (Kyoto 
Protocol) as shown in Table 1.1. 
Cement is multiused to the industrial method used as a main current now. When 
the raw material obtains one quicklime (calcium oxide and CaO) from the lime stone 
(calcium carbonate and CaCO3) in manufacturing it cement, a large amount of carbon 
dioxides (CO2) are discharged. Carbon dioxide is one of the heat-trapping gases, and is 
included by the main factor of global warming. 
  
 (a)  (b)  
Figure 1.5:  Progressing of global warming (a) Average global temperature, 1880-2005 
(b) Global atmospheric concentrations of Carbon Dioxide, 1760-2004 
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Table 1.1:  Change in greenhouse gas emissions, 1990-2004 (Kyoto Protocol) 
-8%N/A-2.6%-0.8%EU-15
-8%+27%+28.9%+41%Portugal
-8%-12.5%-14.8%-14%United Kingdom
-6%N/A+5.2%+6.5%Japan
-8%+13%+22.7%+23%Ireland
-8%+25%+25.3%+27%Greece
-8%0%-6.1%-0.8%France
0%N/A+17.9%+21%New Zealand
+1%N/A-18.7%+10%Norway
-7%*N/A+21.1%+16%United States
-8%+15%+50.4%+49%Spain
+8%N/A+5.2%+25%Australia
-6%N/A+62.2%+27%Canada
-8%-21%-18.2%-17%Germany
Treaty Obligation 
2008-2012
EU Assigned 
Objective
for 2012
Change in greenhouse gas
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including LULUCF
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excluding LULUCF
Country
 
 
In addition, it was thought whether global warming could be controlled using 
natural materials in civil engineering such as wood. The concrete reduction target of the 
heat-trapping gas is shown in the Kyoto Protocol issued on February 16, 2005, and it 
increases by 8.3% compared with fiscal year 1990 in fiscal year 2003 though it is 6% in 
our country compared with fiscal year 1990. In other words, the reduction in 14.3% 
total is needed. It is a method of absorbing fixing CO2 to the forest that want to pay 
attention especially though there are various methods of heat-trapping gas reductions. If 
it is achieved to afforest this a large amount of stable method, the heat-trapping gas can 
be reduced extremely naturally without impossibility. The voice whether to assume 
"Use of the construction industry" that starts using the manpower of the construction 
industry with high possibility of becoming a long-term depressed industry for the forest 
business rises as a mechanism to this. In this case, stable, a large amount of demand for 
wood comes to the necessary condition. If a large amount of using it becomes possible, 
reducing the heat-trapping gas from the decrease of the amount of the exhaust of the 
heat-trapping gas further becomes possible without stably decaying wood for a long 
term. Then, the verification of the effect of wood of the CO2 reduction and the durability 
of the use wood is described next. Table 1.2 is an amount of the CO2 exhaust of cement 
and the steel material and the amounts of the CO2 stock in wood and the promotion 
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woods. It is understood to change from the CO2 exhaust side to the stock side surely by 
at least replacing cement and the steel material with wood though this cannot be simply 
compared as it is. Figure 1.6 show the transition compared with 1964 of cement, the 
crude steel, and the wood of Japan production. The one that the amount of 1.1 of the 
stock of CO2 a material ton for each was multiplied is shown.  
 
Table 1.2: Cements and comparisons in amount of CO2 exhaust with steel material, 
wood, and promotion woods (Numata et al 2006). 
−７.２５ (t-CO2/ha/year) (absorbed amount)Promotion woods(ha/year)
−１.６４ (t-CO2/material (t)) (amount of stock)Wood
１.２６ (t-CO2/material (t))Steel material (type steel)
０.７７ (t-CO2/material (t))Cement (Port land cement)
Amount of CO2exhaust (amount of stock)Material
 
 
Here, because each value is different, it regularizes it by the value in 1964 from 
which Tokyo Olympics is held. The target value of 6% of the amount of the CO2 
exhaust in 1990 shown in the Kyoto Protocol as a standard was indicated in Fig 1.6. 
The amount of the stock of wood exceeds the total of the amount of the CO2 exhaust of 
cement and the steel material, and this gross weight of three people is positioned on the 
CO2 stock side if paying attention in 1950's. This relation is completely reversed 
through high economic growth afterwards, and the total of the amount of the CO2 
exhaust of cement and the steel material is about ten times or more the amount of wood 
of the CO2 stock. The CO2 reduction becomes possible though it might be seemed that 
global warming is promoted by using a large amount of woods if it does well 
afforestation and deforestation the balance Japanese larch and the Japan cedar absorb a 
large amount of CO2 between the woods ages until 15 years and the absorbed amount 
decreases gradually.  
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Figure 1.6: Transition of CO2 stock amount feeling calculation of cement, crude steel, 
and wood production of Japan (Numata et al 2006).  
 
Then, if it is repeated to deforest before it makes it to aged and to afforest it at the 
same time as preserving the wood, it newly stores and, maybe, supplement can be 
matched (see Fig. 1.7). As the condition, it is a forest where it is newly afforested after 
1990, and appropriate forest management (acts such as planting, the weeding, the 
improvement cuttings, and thinnings) is done. In Japan, the promotion woods becomes a 
calculation that absorbs 1.77 tons a hectare year (carbon conversion) as an average 
numerical value. Hence, it can be said that it is possible to contribute also to the global 
warming prevention reduction of greenhouse gases furthermore by developing and 
using the Raft&Pile industrial method. 
Moreover, there is a result of investigating the state of decay and the tree kind of 
wood that passes 1-100 year (Fig. 1.8) when the investigation of results of the wood use 
to a basic worker is seen. The investigation result that it is an underground water table 
100% healthy condition while the wood of 40% has decayed has come out in two 
sections of ground water table level, underground water title change region when the 
inside of the ground was divided into underground water table change, underground 
water table change region and underground water title change and the ratio of the tree 
kind used and wood type under underground water condition was shown figure 1.9 In 
addition, it is assumed that all building base that passes about 400 years of the Venice 
urban area is a tree paling. Durability is proven also under the seawater environment in 
a word. Durability is demonstrated from the above-mentioned by underground water 
                     
CHAPTER I                                                                          INTRODUCTION 
 
 10
table sinking wood. Moreover, it is thought that the controlling effect of global warming 
can be expected by maintain of the forest advancing and absorbing CO2 by using wood. 
 
Figure 1.7:  CO2 fixation by CO2 absorption , afforestation and deforestation by wood 
use (Numata et al 2006) 
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Figure 1.8:  Result of investigation on durability of wood use to basic worker 
 (Numata et al 2007) 
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Figure 1.9:  Use wood type under underground water condition (Numata et al 2007) 
 
1.3. Objective of this research 
   Given the benefits of wooden materials for in civil engineering constructions, there 
is need to provide engineers the design and construction guidelines of using Timber Raft 
and Pile Foundation method in supporting road embankments on soft clay foundations. 
This requires research to determine the mechanical properties of the composite 
materials, to obtain improved understanding of the mechanisms involved under 
operating conditions, and to evaluate the overall performance of the technique in field 
conditions. 
The specific objectives of this study are as follows: 
1. To develop a laboratory test apparatus for testing the laboratory-scale Raft & 
Pile foundation subjected to embankment loading. 
2. To understand the deformation behavior of ground and embankment 
reinforced by Raft & Pile foundation during embankment loading. 
3. To evaluate the effectiveness of Raft & Pile methods in terms of reducing 
differential settlements and lateral spreading.  
4. To evaluate flexural behavior of raft composites for design and construction 
calculations. 
5. To develop design and construction guidelines of using Timber Raft & Pile 
foundation for supporting embankments in soft clay foundations 
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1.4. Scope of this dissertation 
This dissertation contains six chapters. Chapter I is the introductory chapter and it 
describes the objectives and scope of the work. Chapter II is literature review that starts 
with ing looking at problems associated with the construction of embankments on 
compressible soil and the various ground improvements remediating the problems. 
Links between testing, modeling, and design also reviewed. Critical and positive 
comments on previous works are given in relation to the work that was proposed in this 
study. The third chapter describes the effectiveness of Raft & Pile foundation 
subjected to embankment loading based on laboratory model tests. At first, the detailed 
experimental program and procedures, and soil properties determined in the laboratory 
are introduced. Then, the test results are presented in terms of their deformation 
characteristics. Chapter IV presents the results of the experimental study investigating 
the flexural behavior of composites Rakft for construction. Links between the bending 
test (chapter IV), FEM analysis and design of Raft composites discussed. Chapter V 
presents the finite element modeling of Raft & Pile foundation of embankment on soft 
ground. FEM simulation embankment height 5.5m constructed over soft Ariake clay 
ground using a computer code PlaxisV.8. In order to investigate the effects of raft size, 
pile length, and residual settlements of the road surface in case of embankment height 
5.5m. Based on the results in Chapters III, IV, and V, design, and construction 
guidelines method for Raft & Pile foundation are also given. Finally, the main 
conclusions drawn from this study are given in Chapter VI.  
The flowchart showing links between the six chapters is given in Figure 1.10. 
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Figure 1.10: Flow diagram of the main parts of this study. 
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2.1. General 
Amongst the various techniques of constructing embankments on soft ground, the 
use of geosynthetic basal reinforcements and/or chemical admixtures as additive to 
improve the soil strength are commonly used. The use of the artificial material for long 
term improvement of  the ground can be expensive and may create environmental 
problems. Timber Raft & Pile method is a versatile, cost effective and environmental 
friendly alternative.  
This literature review starts with the statement of the problems associated with the 
construction of embankments on compressible soil as viewed by engineers in research 
and practice. Various soft ground improvement techniques to rectify the problems are 
also reviewed. The links between the testing, modeling, and design are discussed based 
on the works of other researchers. Attention is paid to the development of 
environmentally friendly construction technology. Critical and positive comments are 
given to the reviewed materials as they relate to this study. 
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2.2. Problems associated with the construction of embankments on compressible 
soil around the world  
Embankments are among the most ancient forms of civil engineering construction 
but are also among the most relevant today. Economic and social development has 
brought about a considerable increase in the construction of this type of structure since 
the middle of the nineteenth century, and particularly since the 1950s. Embankments are 
required in the construction of road, motorway and railway networks (linear 
embankments, access embankments, and embankments across valleys), in hydroelectric 
schemes (dams and retention dykes), in irrigation and flood control works (regulation 
dams), harbor installations (seawalls, quays and breakwaters) and airports (runways). 
Problems associated with the interaction between embankments and structures are 
among the most difficult to control. Most embankments on compressible soils are 
crossed by channels and hydraulic works intended to both re-establish the normal flow 
regime of the water (linear road embankments) and ensure the proper functioning of the 
structure (drainage galleries in dykes and dams). Considerations of settlement influence 
not only the choice of type of construction (flexible channels in preference to rigid 
structures) but also the specification of their longitudinal profile (necessity for reverse 
camber in order to ensure a camber compatible with the requirements of flow when 
settlement has ceased). There may also be a need to overdesign the structures in order to 
guarantee safe and more reliable performance of these structures during their design 
life. 
The interaction between two embankments, old and new, poses problems for which 
it is difficult to find a satisfactory solution. In the case of enlarging an old embankment, 
the settlements under the new embankment will inevitably produce disturbance in the 
old one, and this will occur over a prolonged period. The linking of a new alignment 
with an existing road poses the same type of problem, but at a point, so that solutions, 
such as the placing of a curtain of sheet piles in order to isolate the foundation soils of 
the two embankments, can be conceived. Serious difficulties can also arise in the 
extension of runways. In all cases the designer must, from the start of the project, 
attempt, as far as possible, to foresee and to plan the arrangement of embankments that 
will be needed in the long term. 
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2.3. Subsoil characteristics and geotechnical problems in Chikushi Plain, Japan  
2.3.1 Subsoil Characteristics of Chikushi Plain 
The Ariake Sea is an inner sea, which is long in the north-south direction and has a 
small outlet. Due to these geographical characteristics, the tide range is large (maximum 
about 6 m) which creates special water movement in the sea, and has a significant effect 
on the depositional environment of the Ariake clay. The soil particles carried by 
Chikugogawa (the largest river in Kyushu Island), Kikuchikawa, Sirakawa, and 
Midorikawa rivers with Aso Mt. volcano region as a source, first move offshore, then 
with high tide, the suspension moves toward the shore with counterclockwise tidal 
current, and the particles get deposited gradually along the shore area. This process was 
repeated year by year, the tidal land developing gradually, and forming the soft deposit 
in Chikushi plains. The fine particles carried by the rivers are volcano ash from Kuju 
mountain and Aso mountain area, and the diatom deposited in Jakes and swamps is 
from the upper regions of the rivers. The high water content and high sensitivity of 
Ariake clay can be explained from the properties of these particles. 
2.3.2 Some Geotechnical Problems 
The Ariake clay which formed the Chikushi plains has a water content of 80 to 
160%, high compressibility, and high sensitivity and categorizes it as quick clay. The 
Saga plain is the softest area in Chikushi plains. In Saga area, the shoreline was 
advanced by about 10 km for the above mentioned deposit and land reclamation, and 
forming a very young and soft deposit. The geotechnical problems of this kind lowland 
region are illustrated in Fig. 2.1. 
 
Figure 2.1: Illustration of problems in soft ground (Hayashi et al 1997). 
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The subsidence has become a serious problem since 1955. At that time, large 
mounts of ground water were pumped out due development of deep well techniques.  
At present, in Saga prefecture, the area of subsidence is about 320 km2, i.e. about 46% 
of the total area of Saga pref. At the northeast are of Chikushi plains (Morotomi, Saga, 
Kawazoe), he ground water was mainly used by industries and for people’s daily living,  
while at the northwest area of Chikushi plains (Fukutomi, Ariake, Shiroishi), has been 
utilized still for agriculture and domestic use. 
From 1975, with construction of dams and restriction on ground water pumping the 
surface water has been used for industry instead of ground water, and in the northeast 
area, the subsidence has been almost arrested. However, in the northwest area, the 
agriculture still depends on ground water, and subsidence is continuing, especially, in 
the years of low rainfall (in 1978, 1994), when argue mounts of settlement occurred.  
Furthermore, with the popularization of automobiles since 1960’s, there are 
problems for construction of roads on soft ground along with the settlement caused by 
the traffic load. The settlement of the road, the deformation of the surrounding area, and 
the settlement gaps between pile supported structure and embankment on natural 
ground, have become some of the major problems in Saga plain.  
 
2.4. Reinforcement embankment on soft ground 
2.4.1. The first uses of geosynthetics 
R. Holtz stated that A. Casagrande, in his lectures at Harvard University, 
mentioned the possibility of reinforcing earth dams by using steel rods. In 1967, J. 
Kerisel used wire mesh in the construction of the Arezal dam. This 13 meter-high dam 
was built on 24 meters of silt in a tidal estuary. A 2-metre layer of sand was placed on 
the 3.5kPa concessive silt. This layer served as a drainage layer for the vertical drains in 
the sand. In order to prevent this sand layer from being punctured by the riprap in the 
layer above and to improve the resistance of the structure to horizontal spreading, wire 
mesh with a resistance of 270 kN/m was installed. During construction and because of 
acceleration in works, failure occurred. 
It would appear that the Dutch were the first to use geotextiles in embankments: in 
1953, the authorities used geotextiles when reconstructing the dykes destroyed by a tidal 
storm. 
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In France, Devaux et al. reported using a non-woven geotextile as a 
non-contamination sheet and for load distribution as early as 1970: on marshy ground 
(2.50 m of peat), non-woven geotextile was inserted under the embankment, which 
reached a height of 3 meters above the grown soil. Settlement was as much as 1 meter, 
but the measured elongation of the geotexiile was no more than a few percent. 
In Japan, the 1967 report by Fukuzumi and Mishibayashi, of the Obayashi 
Research Institute is a surprising forerunner in this field. It describes the use of vinylon 
sheets with a resistance of about 25kN/m at bottom of embankments on soil with a very 
low bearing capacity (cohesion less than 1 kPa). This technique is known as “Fagot 
sheets”, where the membrane effect of the textile is used. An application involving a 
hydraulic embankment at the Nippon-Known as “Fagot sheets”, where the membrane 
effect of the textile is used. An application involving a hydraulic embankment at the 
Nippon-Kokan site in Fukuyama had been documented: without the textile, the soil in 
question sank to a depth of 10 meters. When textile sheets were used, settlement was 
limited and savings of 400% in the volume of full were made. 
In Sweden, Wager et al. invented a system for reinforcing embankments whereby two 
rows of short piles under each crest of the embankment were connected by steel tie rods 
in order to limit spreading of the embankments. This system was used in Sweden in 
1968 and was later based on the use of geotextiles (1971). 
It was also in Sweden (1975) that a combination of piles and geotextiles was first 
used (Holtz et al). The structure in question was an approach embankment, to a bridge 
founded on piles, on a site composed of sensitive clays. The timber piles, 0.17 m in 
diameter and spaced 1.5 meters apart, were surrounded by a paper-plastic drain and 
equipped with a concrete cap to facilitate transfer of the embankment load to the piles. 
Three sheets of woven polyester textile were placed in the foundation layer of the 
embankment in order to limit horizontal movement. 
In the United States, the first reinforced embankment is attributed to J. Bell et al. 
(1976). The embankment was constructed in Alaska on peat and had a maximum height 
of 2.4 m (3 m average thickness of the peat and cohesion of 12 kPa). Savings in fill 
material were estimated at 28% and deformation of the non-woven geotextile, which 
was slight at the time of construction, was as much as 50% in places later. 
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2.4.2 Embankments on soft ground or cavities by laying reinforcements and/or pile    
foundations 
Countermeasure for embankments on soft ground or cavities are chosen by laying 
reinforcements on surface of base ground with or without pile foundations as supporting 
embankment loads.   
Stolarski, G. et. al. introduced road embankment over old waste dump, chemical 
contaminated and heterogeneous layer of 4-6m thickness by laying georgics. From field 
measurement it is confirmed the effect of decreasing the settlement and differential 
settlement of the embankment and protecting environmental contamination. 
Ast, A. et al. introduced over bridging system, geogrids 2 layer, for embankments 
over cavity by field experiments. Water filled cushions was used for cavity model. 
Results of monitoring and some aspects of design were presented as a safe and 
economic engineering structure. 
Sa, C. T. et al. assessed the behavior of reinforced piled embankments and 
reinforced retaining walls on soft soils by numerical parametric simulations (FLAC). 
Parameters as pile spacing foundation reinforcements were varied. The behavior of case 
histories was supported the analyses. 
Alexiew, D. et. al introduced case history of piled railway embankment,  
Interesting case of projects were concerned on renewal the existing embankment to high 
speed train embankment by removing top part of embankment,  installation cemented 
stone columns, horizontal geosynthetic reinforcement and new track embankment. It is 
reasonable for eliminate additional embankment load against soft soils. 
2.4.3. Design or modeling for the stabilized embankment by geosynthetic 
reinforcements 
Experiences and know-how can be obtained from etching performances of 
reinforced soil structures. However, it is necessary to convert quantitatively as some 
suitable formulae expressed reinforced mechanism for ease to use. The target of all 
research activities is to constitute design for various reinforced structures evaluated 
reinforcing mechanism. 
Madhav, M. R. et al Proposed modeling on response of geosynthetic reinforcement 
to transverse force assuring a simple Winkler taper model. Fundamental concept was 
that the response to the applied force depends not only on the interface a hear 
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characteristics of the reinforcement but also on the deformational response of ground. A 
parametric study quantified the contributions of length and interface characteristics of 
the reinforcement, stiffness of the ground, etc. on the over all response. 
Shahgholi, M. et al. presented Horizontal Slice Method (HSM) as a new limit 
equilibrium method. Comparative analyses using HSM and established computer 
program showed good agreement, and confirmed the advantages of method. By the way, 
same approach was developed as inclined slice method for nailing (Gutierrez, V. and 
Tatsuoka, F., 1988). 
2.4.4. New applications and approach as the embankment reinforcement 
Li, G. X. et al. assess performance and stability of fiber reinforced cohesive soil by 
centrifuge model tests (45 – 120G) compared with un-reinforced case. By reinforcing 
fill material, acceleration at failure occurred and critical height and depth of tension 
zone were increased. 
Tatta, N. et al. considered earth flow prevention embankment reinforced with 
geosynthetics as flexible structure. Horizontal loading were conducted for two types of 
model (H = 1.5 m, 6m, vertical facing) assumed as pseudo-static load of earth flow 
force. Shear resistance of the structure was increased by reinforcements. It was 
concludes that additional treatment by pre-stressing would improve the structure as an 
integration body. 
Deformation analysis of preload and pre-stressed (PLPS) reinforced soil method 
for railway bridge pier, constructed in 1996 during construction and in service was 
introduced by Uchimura, T. et al. To develop a methodology for predicting the time 
dependent behavior of such structure, New Isotach Model, three component theology 
models, was used to analyze the observed behavior of PLPS pier during preloading 
procedures. 
Kubo, T. et al. successfully constructed an arching structure by using large-sized 
sand bag that perform restriction effect of geosynthetics as bag material. The purpose 
was to evaluate its constructability and result of its observation. From the success of 
construction, the authors concluded the proposed method was able to construct with 
regarding some deformation of soil bags. 
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2.4.5. Stability of the two Test facilities from the deformation characteristics of soft 
foundation 
Marolo C. Alfaro indicated that the stability of reinforced soil structures are usually 
checked from the integrity of the reinforced soil mass (internal stability) and its global 
stability (external stability). As indicated by Jones and Edwards (1980) and 
demonstrated by the results of the filed tests and finite element analyses in this paper, 
the response of the soft foundation to behavior of the reinforced soil mass has 
significant influence on the global stability. Consequently, the safety against instability 
of reinforced soil wall-embankment systems on soft clay foundation can be assessed the 
premise that the soft foundation essentially controls the stability of the structure. The 
method described by Matsuo and Kawamura (1977) for the failure prediction of 
embankments on soft ground was employed. It makes use of the observed lateral 
movements (δ) and settlements (S) of the foundation under the embankment loading 
which are plotted inδ/S-S coordinate as shown in Fig.2.2 The degree of safety against 
instability is estimated from a plot of curves corresponding to the values of q/qf, where q 
is the load at any stage and qf is the load at failure. These curves are defined by 
regression equations derived from results of a large number of actual failure case 
histories. Any observed deformation path in the δ/S-S relation which approaches the 
q/qf = 1.0 curve signifies a high probability of failure. As can be seen in Fig. 2.2., the 
observed deformation paths of the two test facilities for almost a year of observation are 
well below the critical boundary curves. It should be noted that the process of 
consolidation of soft clay foundation results to the increase of its shear strength, which 
then reduce the rate of lateral movements and settlements. Thus, it is expected that the 
observed deformation path in the long term condition would diverge from the critical 
curves and would eventually tend towards stability. Moreover, based on visual 
inspection of the two test facilities, the facing units remained intact even with large 
lateral deformation and settlement owing to their flexible characteristics. Special 
attention has to be paid however when rigid facing units will be used. The chosen type 
of facing units will put some limitations on the amount of settlement that can be 
tolerated by the wall. If settlement is still of concern, technically viable and 
cost-effective ground improvement techniques such as granular piles, lime or cement 
columns and vertical drains with preloading may be used (refer Bergado et al 1994). 
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Figure 2.2: The Construction controlling diagram by Matsuo et.al. 
 
2.5. Foundation for building 
2.5.1. Pile-Raft system 
Poulos and Davis (1980) point out that in the design of the foundation for a large 
building on a deep deposit of clay, it may be found that a raft foundation would have an 
adequate factor of safety against ultimate bearing-capacity failure, but that the 
settlements would be excessive. Traditional practice (assuming the additional of 
basements to produce a floating foundation is unacceptable) would then be to pile the 
foundation (Fig. 2.3), and to choose a number of piles to give an adequate factor of 
safety against individual pile failure, assuming the piles take all the load, However, it is 
clearly illogical to design the piles on an ultimate-load basis when they have only been 
introduced in order to reduce the settlement of an otherwise satisfactory raft. 
2.5.2. Stabilized box foundation (SBF) method  
Koumoto et all 1992 point out that the stabilized box foundation (SBF) method, a 
box shaped wall is formed by soil-cement columns installed in ground with an improved 
surface layer connected together to form a box foundation (Fig. 2.4.). This kind of 
foundation has following functions.  
C
maδ 
o S
L
( )
⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−+⎟⎟⎠
⎞
⎜⎜⎝
⎛=
SS
s
o
o
o
δδ max4.328.1exp93.5
2
max
( )
⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−+⎟⎟⎠
⎞
⎜⎜⎝
⎛=
SS
s
o
o
o
δδ max49.240.0exp80.2
2
max
fqq /
0.1
9.0
S/δ
0.5
1
1.5
2
2.5
3
3.5
4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
 
 
s(
m
)
 
 
CHAPTER II                                                                    LITERATURE REVIEW 
 
 23
1) The vertical wall has confines the soil reduces the lateral displacements, and 
consequently, the settlement of the ground.  
2) Load is transmitted to a deeper location and a larger bearing area. The thickness of 
the compressible soft layer is thus reduced resulting in a smaller settlement.  
3) Bearing capacity is increased due to the side resistance between the box wall and 
the soil.  
4) The box and the soil inside act together forming a deep embedded foundation, 
which increases the bearing capacity of the ground.  
   
  
Figure 2.3:  Simplifield representation of a piled-raft unit (Poulos, 2001). 
  
Figure 2.4:  Concept of stabilized box foundation method.(Koumoto, 1992) 
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2.6. Finite element analysis on earth reinforcement 
A. Yashima point out that, the statistics on current state of the numerical analysis is 
summarized based on the survey of technical papers related to the numerical analysis on 
earth reinforcement, which were published in Journals and Proceedings for last 12 years 
(1985 – 1996). The details of this survey are introduced in another report written by the 
Japanese Local Task Force Committee of Asian Technical Committee for Earth 
Reinforcement in this proceeding volume. 
More than 160 technical papers in which there is a keyword “analysis” were 
selected and reviewed from the following journals and proceedings; 
- ASCE Journal of Geotechnical Engineering 
- Geotechnique 
- Canadian Geotechnical Journal 
- Soils and Foundations  
- Geotextiles and Geomembranes 
- Computers and Geotechnics 
- Int. J. Num. Anal. Math. In Geomechnics. 
- Proc. JSCE 
- Proc. IS-Kyushu (’88, ’92 and ’96) 
Half of the selected papers treated the deformation problem and another half 
treated the stability problem (Fig. 2.5.(a)). It is found from Fig. 2.5.(b) that the finite 
element method (FEM) was used for the prediction of the deformation of the ground 
with earth reinforcement. On the other hand, the limit equilibrium method (LEM), slip 
line method, upper/lower bound theorem, and RBSM, etc. were used for the assessment 
of the stability of the ground with earth reinforcement. Figure 2.5.(c) summarizes the 
type of structure treated in the technical papers. Deformation/stability problems on 
embankment and foundation subsoil were mainly investigated by the numerical 
analysis. From this statistic, the finite element analysis on embankment and foundation 
subsoil with earth reinforcement is found to have been studied intensively for last 12 
years. In this report, therefore, the finite element analysis will be discussed as a main 
subject. 
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(a)  (b)  
(c)  
Figure 2.5:  Static on numerical analysis for earth reinforcement (after A. Yashima, 
1997). 
 
2.6.1. Contrast between LEM and FEM 
For the analysis by the limit equilibrium method (LEM) which is commonly used 
for the assessment of the stability of the ground with earth reinforcement, the design 
strength parameters are only needed. The construction process should be reflected in 
determining design strength parameters. We have to choose untrained, partially drained 
or fully drained strength of subsoil materials based on the construction process and 
permeability of subsoil. The compressive, extensive or simple shear strength should be 
carefully used based on the stress condition of the subsoil near the failure.  
For the analysis by the finite element method (FEM) which is used for the 
prediction of the deformation of the ground with earth reinforcement, on the other hand, 
we have to predict the elastic behavior, plastic (viscoplastic) behavior and failure 
(ultimate limit state) based on a correct initial condition (Fig. 2.6). For this purpose, the 
correct initial condition, constitutive model and stable numerical algorithm must be 
prepared before the analysis. 
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Figure 2.6:  Contrast between LEM and FEM (after A. Yashima, 1997). 
 
2.6.2. Cornerstones of analysis 
R.A.Jewell point out that evaluation of the effects of forces on a deformable body 
is carried out with respect to three conditions: equilibrium, compatibility, and 
stress-strain relations. In soil mechanics, this evaluation is often based on plasticity 
theory, with sufficient strain being assumed to have been mobilized at every point 
within the zone of plastic deformation in the soil to allow an ultimate strength to be 
developed. This simplifies the design problem to one of solving for equilibrium only, 
using an appropriate soil strength and relevant imposed loads. 
The same approach is used for the ultimate limit state analysis of reinforced soil, 
where a limiting design strength for the reinforcement, and limiting interaction 
coefficients, must also be selected 
The more detailed analysis for reinforced soil could be described as follows 
(Figure 2.7.). Starting with gravity forces (at the top of Figure 2.7.), a distribution of soil 
stresses in the structure which are in equilibrium may be found. Accompanying these 
soil stresses would be soil strains, some of which will be in extension adjacent to 
reinforcement elements. 
Compatibility requires a shear interaction if there is to be any relative displacement 
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between the soil and the reinforcement, and this causes tension in the reinforcement and 
reduces the magnitude of tensile strain in the soil. The reinforcement now exerts body 
forces in the soil, and a new equilibrium must be sought allowing for these 
reinforcement forces, the loading from gravity and any external boundary forces. The 
cycle of analysis is repeated until a satisfactory equilibrium is found.  
The cycle shown in Figure 2.7. provides a useful reference frame within which the 
factors influencing the behavior of reinforced soil may be identified. For example, the 
role of boundary forces in reinforced soil walls or the role of the interaction between the 
soil and the reinforcement, are already included in Figure 2.7. Likewise, the material 
properties of the soil and the reinforcement dominate one diagonal (stress-strain 
force-displacement), while the behavior of the reinforced soil system governs the other 
diagonal (equilibrium/compatibility).  
 
  
Figure 2.7:  Four cornerstones of analysis (after Bolton, 1991). 
As mentioned earlier, ultimate limit state analysis in soil mechanics is usually 
reduced to a problem of equilibrium alone. A design strength for the soil and the 
reinforcement is selected (no consideration of stress-strain properties) and the limiting 
force in anyone reinforcement layer is set to the lesser of the design strength or the bond 
force, (no consideration of compatibility or force and displacement). But note that the 
influence of deformation is usually tacitly considered in the choice of the design 
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strength for the soil, especially where the possibility of stain-softening to the critical 
state strength has been anticipated.  
The analysis for serviceability should consider properly all the main aspects of 
behavior governing the equilibrium. However, by limiting the deformation in the 
reinforcement to a maximum allowable elongation (which is associated empirically with 
satisfactory behavior), enables a maximum allowable force to be derived, and the 
analysis can be simplified once more to one of equilibrium alone.  
  
2.7. General model aspects of Plaxis version 8 
Plaxis is a finite element package that has been developed specifically for the 
analysis of deformation and stability in geotechnical engineering projects. The simple 
graphical input procedures enable a quick generation of complex finite element models, 
and the enchanced output facilitys provide a detailed presentation of computational 
results. The calculation itself is fully automated and based on robust numerical 
procedures. 
During the generation of the mesh, clusters are divided into triangular elements. A 
choice can be made between 15-node elements and 6-node elements (Fig. 2.8). The 
powerful 15-node elements provides an accurate calculation of stresses and failure loads, 
in addition, 6-node triangles are available for a quick calculation of serviceability states. 
  
Figure 2.8: Typical of element, node and stress point during mesh generation a)15-node 
element b) 6-node element (Plaxis manual). 
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2.8. Summary 
In this chapter, the concepts and applications related to Raft & Pile method have 
been reviewed. Previous applications of reinforced embankment on soft ground have 
also been reviewed. The main points covered include the following: 
1) Most of the methods are using the artificial geosynthetics and/or chemical admixture 
as the reinforcement and/or improvement geomaterial. The use of the artificial material 
may cause environmental problems in a long term. 
2) Since the raft and pile are made of the surplus trees, which are free except for the 
transportation fee, which is an economic way. Moreover, since the surplus trees are 
removed, it is environmental friendly way to the mountains. Since the timbers are 
natural materials, the raft timbers will not give pollute to environment comparing to 
other method. 
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SMALL-SCALE MODEL TEST  
OF RAFT & PILE FOUNDATION  
 
 
 
 
 
 
3.1. General 
A new test apparatus was developed to examine the deformation behavior of 
embankment reinforced with Raft & Pile foundation during embankment loading and 
evaluate their effectiveness (see in Figure 3.1.).  Simple index was evaluate 
effectiveness of Raft & Pile is purpose.   
The laboratory model tests are conducted, in which width of raft and length of pile 
and the connecting manner with tie rod for pile line.  
 
3.2. Laboratory test program 
The laboratory investigation was conducted on a model ground, which was a 
reconstituted Ariake clay. The width of raft and length of pile were varied to investigate 
the overall behavior of raft-pile-foundation soil system with varying raft and pile 
dimensions. 
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3.2.1 Test set up 
Two model boxes with dimensions of 900 mm long, 200 mm wide, and 300 mm 
high were used in the model tests. The frame and bottom of the boxes are made of steel 
and the side wall is made of acryl. In order to minimize side wall friction, latex rubber 
membrane coated with grease was used. The latex rubber membrane can be stretched 
and rolled to the desired position using a wooden bar. The schematic view of the model 
test set up is illustrated in Figure 3.2. The load was applied using a beloframe system 
and increased through an air compressor. Figure 3.3 shows the photograph of grid and 
circle marked on acryl and latex rubber membrane used for measuring displacements.  
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Raft
Pile
Tie rod
Soft ground
 
(a) Cross section 
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Figure 3.1: Schematic diagram of embankment on very soft clay supported by Raft & 
Piles as foundation (a) cross section (b) isometric view. 
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Figure 3.2:  Test set up used in Raft and Pile model test. 
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Circle was marked on 
 
hard glass plate (fixed)  
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latex rubber membrane  
 
Figure 3.3: Photo showing grid and circles marked on the hard glass plate and latex 
rubber membrane respectively for measuring displacements. 
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3.2.2. Model ground 
The model ground was made through consolidating remolded Ariake clays in the 
test box under one-dimensional consolidation. The remolded Ariake clay was taken 
from Kawazoe town, Saga, Japan at a depth of 4 m. At this depth, the clay is in a very 
soft state with dark gray color. The Ariake clay sample has 46% clay, 49% silt, and 5% 
sand. The physical properties are: specific gravity Gs=2.66, natural water content 
wn=110%, liquid limit, wL =87.5%, and plasticity index Ip=47.5%. The disturbed clay 
sample brought from the site was mixed completely into a slurry state using an electric 
mixer. Then, the clay slurry was poured into the test box to a thickness of 260 mm. The 
clay was then consolidated in the test set up under a consolidation pressure of 2.8 kPa 
for five weeks under a two-way drainage condition until the primary consolidation was 
almost complete. In order to reduce the side friction of the box during consolidation, 
grease was used on the side walls of the box. After consolidation, the variation of water 
content with depth was measured. The results are shown in Figure 3.4(a). It may be seen 
that the water content average about 99.5% within a depth of 225 mm 
( )125.1
200
225 ===
Width
Depth
B
D
. Then, by using the cone penetration method the strength 
of the model ground was determined and the test results are presented in Figure 3.4(b): 
It can be seen that qc  has increased from about 25 kPa to about 34 kPa within a depth 
of 225 mm ( )125.1
200
225 ==
B
D . 
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3.2.3. Test procedure  
After the model ground was prepared, model embankment was built on the model 
ground with sand material for a thickness of about 40 mm. Then, a stainless steel plate 
with the thickness of 0.6 mm was placed on the embankment. Load was applied on the 
steel plate through a piston cylinder, as shown in Figure 3.2 corresponding to multi 
stage of embankment constructions in field. Totally six different tests were conducted: 
two cases on the consolidated clay without any improvement; two tests with a raft only 
on the top of the clay and two tests on a raft with piles. Table 3.1 presents the 
experimental programme. For the two unsupported cases, the width of the foundation of 
embankment varied, 360 and 300 mm. For these two cases the rate of loading and the 
maximum pressure were also varied (Table 3.1). Similarly, the details of testing for the 
raft supported cases and the raft plus piles supported cases are shown in Table 3.1. The 
raft consists of square shaped Hinoki Cypress timber reapers of size 5 mm×5 mm×200 
mm length, 40 nos making a raft of size of   200 mm × 200 mm. The reapers are 
placed side by side to a width of 200mm to form a flexible raft. The piles are 5 mm × 5 
mm square shaped Hinoki Cypress timber with two different piles of lengths, 80 mm 
and 110 mm pushed to a depth of 70 and 100 mm respectively. The piles were kept in 
position using 2 nos of side reapers. Stainless wire with a diameter of 0.45 mm is used 
as the tie member to keep the piles and raft in position. Fig 3.5 shows the isometric view 
of the whole set up of the raft (made of reapers) and the piles. The load was applied step 
by step to simulate multi-staged construction of a road embankment in field conditions. 
Figure 3.6 shows the load-time relations for the test cases. For the fast tests, each step of 
loading was 1day until the maximum load 30kPa. For the slow tests, each step of 
loading was 1 week until the maximum load 30kPa. The vertical displacements at the 
ground surface during the loading stage were measured by dial gauges with a sensitivity 
of 1/100mm; while the deformations within the clay were monitored by means of the 
deformed meshes plotted from frequent photo shots on the latex rubber membrane that 
had been marked with grid points (see Figs. 3.2 and 3.3). 
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(a) Variation of water content with depth. 
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(b) Variation of qc with depth (cone penetration test) content with depth 
was measured. 
Figure 3.4: (a) Variation of water content with depth (b) Variation of qc with depth 
(cone penetration test) content with depth was measured.  
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Figure 3.5: Isometric view of raft (made of reapers), piles, side reapers and tie members. 
 
 
 
0
5
10
15
20
25
30
0 10 20 30 40 50
SLOWFAST
 MT-0, MT-R1
 MT-RP1, MT-RP2
 MT-0s, MT-R2
 
 
Elapsed time (days)
Pr
es
su
re
 (k
Pa
)
 
Figure 3.6: Embankment loading with time. 
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Table 3.1: Detail for test cases. 
Test case 
Foundation 
type 
MT-0 
without 
any 
support 
MT-0s 
without 
any 
support 
MT-R1 
with raft
MT-R2 
with raft
MT-RP1 
with raft 
& pile 
MT-RP2
with raft 
& pile 
Width of top of 
sand mat(mm) 
160 120 160 120 160 160 
Width of 
bottom of sand 
mat(mm) 
360 300 360 300 300 300 
Cross section 
Dimension of 
reapers (mm) 
- - 5 x 5 5 x 5 5 x 5 5 x 5 
Thickness of 
raft (mm) 
- - 5 5 5 5 
Width of rafts 
(mm) 
- - 200 200 200 200 
Dimension of 
piles (mm) 
- - - - 5 x 5 5 x 5 
Spacing of pile 
(mm) 
- - - - 5 5 
Length of piles 
(mm) 
- - - - 80 110 
Installed depth 
of piles (mm) 
- - - - 70 100 
Tie rod method - - - - top top 
Maximum of 
embankment 
loading (kPa) 
10 15 30 30 30 30 
Load pattern fast slow fast slow fast fast 
Final  state collapsed collapsed Did not 
collapse
Did not 
collapse
Did not 
collapse 
Did not 
collapse
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3.3. Test results and discussions 
The deformation behavior of the ground with and without support was studied to 
evaluate the effectiveness of the raft and piles method. The behavior based on vertical 
and lateral displacements of the ground are discussed below.  
3.3.1. Settlements at embankment center 
Figure 3.7 shows the variation of settlements at the embankment center with the 
applied pressures. As shown in the figure, the two cases without any raft or/and pile 
collapsed at a very low applied pressures of 10 to 15 kPa. For the collapsed cases, large 
settlements were noticed in the last stage. For the non-collapsed cases only around 20 
mm of settlement ( 10.
Width
Settlement
B
≅=δ ) occurred under the pressure of 30 kPa. The 
raft treatment cases (MT-R1 and MT-R2) showed that even at a loading of 30 kPa, no 
sign of collapse was observed. The fast loaded case (MT-R1) resulted in a lower 
settlement, being less than 15 mm, at the applied pressure 30 kPa. This is primarily 
because no sufficient time was allowed for the pore water pressure to dissipate, i.e. an 
undrained condition. For the raft and piles cases, test MT-RP1 (pile length of 70 mm) 
resulted in a settlement of 27.2mm, whereas test MT-RP2 (pile length of 100 mm) 
resulted in a maximum settlement of 20.32 mm at the maximum applied pressure 30 
kPa. When the pile length is longer, the settlement at center of embankment was less as 
expected. The above results have demonstrated the effectiveness of the raft – pile 
foundation in reducing settlements.  
Figure 3.8(a), 3.8(b), and 3.8(c) show the settlement patterns for the fast loaded 
test of MT-0 (no raft), MT-R1 (raft only) and MT-RP2 (raft and piles), respectively. 
The settlement pattern is shown at different loading stages. Test MT-0 (no raft) in 
Figure 3.8(a) shows that the settlement is maximum at center, being 88mm 
(
B
δ = 44.0
200
88 = ) at the end of the test with the maximum applied pressure 15 kPa. 
Beyond the embankment toe, the heave is noticed and the heave slowly reduced to zero 
at a distance of 400 mm from the center line. For pressures less than 15 kPa no 
appreciable settlement was noticed. Test MT-R1 (raft only) in Figure 3.8(b) shows a 
significantly reduced settlement at the embankment center line, being 9 mm at the 
applied pressure 15 kPa. Most importantly, the embankment did not fail, even at the 
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maximum applied pressure 30 kPa. In addition, there is a reduction in the heaving of the 
ground surface beyond the embankment toe, comparing Figure 3.8(b) (raft only) to 
Figure 3.8(a) (no raft). Test MT-RP2 (raft and piles) in Figure 3.8(c) shows that no 
heave was observed beyond the embankment toe. The settlements were more 
concentrated at the embankment center line. Test MT-RP2 measured a maximum 
settlement of 20 mm, which was greater than the 15 mm measured in the test MT-R1 
(raft only) at the maximum applied pressure 30 kPa. In other words, the settlement is 
contained beneath the embankment only and not affecting the adjoining ground surface.  
3.3.2. Subsoil movement 
The above discussed phenomena can be confirmed from the displacement vectors, 
as illustrated in Figure 3.9(a), 3.9(b) and 3.9(c). Figure 3.9(a) shows the subsoil 
movement vectors for the case without any support (test MT-0). In this case, the soil 
movement is at first downward and then outward towards the embankment toe direction. 
Outside the embankment toe, both upward and outward movements were observed. This 
result confirms the heaving noticed outside the toe in Fig 3.8(a). For the case with raft 
(Fig. 3.9(b)), the subsoil movement is also downward and outward towards the 
embankment toe direction. However, the outward movement is much smaller than that 
observed in the no support case (Figure 3.9(a)).For the case with the raft-pile, test 
MT-RP2 (Figure 3.9(c)), the downward movement is large. However, the outward 
movement is very small compared to other cases. These results confirm that the raft-pile 
foundation can transfer the embankment loading into deeper into subsoil. Thus, the 
raft-pile foundation not only improves the stability of the embankment on the soft 
subsoil but also reduces the displacement of the subsoil significantly. In addition, no 
ground movement is observed beyond the embankment toe. Longer piles are the most 
effective in reducing differential deformation beneath embankment and beyond 
embankment toe. This is an important advantage. 
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Figure 3.7:  Settlement at center of embankment. 
 
 
 
 
 
 
 
CHAPTER III                        SMALL-SCALE MODEL TEST OF RAFT & PILE FOUNDATION  
 43
0 10 20 30 40 50
-100
-80
-60
-40
-20
0
20
40
60
80
100
LCLC
 end of the test
 10kPa, collapsed
 5kPa
 2.5kPa
 Initial
 
 
D
isp
la
ce
m
en
t(m
m
)
Distance from center line(mm)
 
(a) without any support MT-0. 
0 100 200 300 400 500
20
15
10
5
0
5
10
15
20
LC
 30kPa
 25kPa
 20kPa
 10kPa
 5kPa
 2.5kPa
 initial
 
 
D
isp
la
ce
m
en
t(m
m
) 
Distance from center line(mm)
raft
LC
 
D
isp
la
ce
m
en
t(m
m
) 
 
(b) support with raft MT-R1. 
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(c) support with raft-pile MT-RP2 
 
Figure 3.8:  Surface vertical displacement for case (a) without any support MT-0 (b) 
support with raft MT-R1(c) support with raft-pile MT-RP2. 
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(b) support with raft-pile MT-RP2. 
Figure 3.9: Displacement in ground (a) without any support MT-0, collapsed under 10         
kPa (b) support with raft MT-R1, under 30 kPa (c) support with raft-pile 
MT-RP2, under 30 kPa. 
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Figure 3.10: Lateral displacements at the end of final loading of 30 kPa for the raft cases 
and the raft + piles cases at the edge of raft location. 
 
3.3.3. Lateral displacements 
Figure 3.10 shows the lateral displacement of the ground with depth at the end of 
final loading of 30 kPa for the raft cases and the raft + piles cases. The maximum lateral 
displacement of 8 mm occurs for raft foundation (MT-R1) at a depth of 35 mm and 
steadily decreases to zero at a depth of 85 mm. For the raft + piles cases, test MT-RP1 
shows the maximum lateral displacement of 7mm occurs at a depth of 45 mm and 
steadily reduces to zero at a depth of 160 mm. For test MT-RP2 the maximum lateral 
displacement of 3mm occurs at a depth of 70 mm and steadily reduces to zero at a depth 
of 160 mm. For the raft case of MT-R2, the lateral displacement, increases with depth 
and becomes constant at 4 mm of lateral displacement up to a depth of 150 mm, below 
which the displacement steadily decreases to zero at a depth of 230 mm. It has been 
observed that the raft + piles cases have considerably reduced the lateral displacement 
beneath. 
Figure 3.11 shows the vertical displacement at the center of the embankment for 
the two test cases MT-RP1 (pile length of 70 mm) and MT RP-2 (pile length of 100 
mm), i.e. for two different depths of embedment. The test with longer piles settles 
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slightly more than the test with shorter piles. This is because the lateral movements of 
the soil are significantly reduced when the longer piles are used. However, the 
maximum vertical settlement at the surface for tests MT-RP2 was 20.32 mm which is 
less than the 27.2mm measured in the test MT-RP1. It can be seen from Figure 3.8(c) 
that the surface settlement beyond the embankment toe  for test MT-RP2 is almost zero 
without any heave, which is different from the cases of MT- 0 (Figure 3.8(a)) and 
MT-R1 (Figure 3.8(b)). A combined study of Fig 3.11 and 3.8 reveals that raft + piles 
treatment is effective. It is noteworthy that there were no cracks on the top of the soft 
clay for the test case of MT-RP2. However under an embankment loading of 25 kPa in 
the test MT-RP1 (pile length 70 mm), tension cracks appeared near the toe of the sand 
mat at top for embedded depth of 70 mm. It is clear from the overall study that longer 
piles are more effective in controlling deformations. 
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Figure 3.11: Vertical displacement at center of embankment for raft + pile. 
 
For construction of highway embankments around the Ariake sea gulf, the 
important design considerations include allowable embankment settlement and ground 
deformation. Matsuo and Kawamura (1977) proposed a ratio of vertical displacement to 
horizontal displacement for control of embankment construction on soft ground. 
Comparing the case of raft and piles, it is clear that piles can significantly reduced 
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lateral movement in the Ariake clay ground, concentrating the lateral displacement 
within an area bounded by the piles. For the test carried out, the displacement ratio of 
vertical displacement at the center to lateral displacement of the raft edge is a good 
measure of the overall performance of the test cases. The displacement ratio, (δh,max/ 
δv,max) i.e. ratio of maximum horizontal  displacement , δh,max  to maximum vertical 
displacement , δv,max at the maximum applied pressure for the three cases of MT-R1, 
MT-RP1 and MT-RP2 are presented in Fig 3.12. It can be seen that the least ratio of less 
than 0.2 is observed for MT-RP2, and it is most effective. However, the other two cases 
MT-RP1 and MT-R1 are slightly less effective as MT-RP2. 
Figure 3.13 compares to the ratio of δh,max to (δv,max- δheave,max) for two cases of MT- 
RP1 and MT-RP2 at a loading pressure of 30 kPa. It is clear that MT-RP2 performs 
much better. 
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Figure 3.12: Effectiveness of Raft & Pile Foundation (L = installed depth of piles). 
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Figure 3.13: Effectiveness of longer pile. 
 
3.4. Summary 
Based on the detailed laboratory investigations the following conclusions can be 
drawn: 
1) In the model test, an embankment loading on the soft Ariake clay without 
support resulted in failure at very low pressures of 10 to 15kPa. With the 
addition of a raft or a raft plus piles, the failure was not observed even an 
applied pressure of 30 kPa. 
2) With the addition of a flexible raft, both vertical settlements and lateral 
deformations have reduced significantly. No failure was observed with an 
increase in the applied pressure up to 2 to 3 times the failure pressure in the 
unsupported case. 
3) The stability of the raft foundation could be further improved by the addition of 
piles at the end of the raft. This additional support removes almost completely 
the lateral heave. The vertical deformations have also reduced significantly. The 
raft plus piles supports can transfer the embankment loading deeper into the 
subsoil. The lateral movement at the embankment toe is also reduced to almost 
negligible levels. 
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4) The length of piles has significant influence on the vertical and lateral 
deformations of the ground. The raft with its edges supported with piles is found 
to be very effective in reducing differential deformations both beneath the 
embankment and beyond the embankment toe. The experimental results clearly 
demonstrate that even in very soft soils, locally available timber at minimal cost, 
could be effectively utilized to safely carry embankment loading common in the 
Ariake gulf area. The results of the model test need to be validated by full-scale 
tests in the field. 
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4.1. General 
In this study scale model of a new pattern of raft that consisted of circular timber 
of diameter 6mm and binded together by using screws, in order to mimick the true 
physical flexural behavior of an actual raft. 
Totally twenty test cases (Table. 1) of tree-point bending test on composites Raft 
were conducted (Fig. 4.1) to investigated firstly, the effects of the number layers and the 
patterns of raft element. Secondly, the tests were used to developed effective patterns 
for raft composites applicable to design and construction. Thirdly, to link the results 
between short timber raft composites (field condition) and long timber raft composites 
(simulated FEM analysis).  
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4.2. Bending test for raft composites 
4.2.1 Test set up 
The test set up shown in Fig. 4.1 monitored displacements at the center of the 
model test embankment by using displacement transducers (one for each specimen). 
The applied loads using standard load cells of odometer tests start from 0.1kg, 0.2 kg, 
0.4 kg, 0.8 kg and 1.6 kg. At each loading level data were collected.  
 
Table 4.1:  Detail for test cases 
 
Examination
13n13n1nB-2( 7.8, 6.6, 3.0)1R15cm, 11n-13L⑮
13n13n1nB-3( 7.8, 6.6, 3.0)1R18cm,11n-13L⑯
13n13n1nB-4( 7.8, 6.6, 3.0)1R21cm,11n-13L⑰
11n9n3nB-1( 7.8, 6.6, 4.2)3R12cm,11n -9L⑱
3n
6n
2n
2n
2n
2n
13n
13n
13n
13n
13n
2n
2n
2n
2n
2n
No. axial 
member
2n3nA-1( 15, 6.6, 3.0)3RL,11n –2L①
2n2.5nA-1( 15, 6.6, 3.0)2.5RL,11n –2L②
2n2nA-1( 15, 6.6, 2.4)2RL,11n –2L③
2n1.5nA-1( 15, 6.6, 2.4)1.5RL,11n –2L④
2n1nA-1( 15, 6.6, 1.8)1RL,11n –2L⑤
11n3nB-1( 7.8, 6.6, 4.2)3R12cm,11n -3L⑳
B-1
A-5
A-4
A-3
A-2
B-1
B-1
B-1
B-1
B-1
Pattern 
of Raft
( 7.8, 6.6, 4.2)
( 15, 9.0, 1.8)
( 15, 8.4, 1.8)
( 15, 7.8, 1.8)
( 15, 7.2, 1.8)
( 7.8, 6.6, 3.0)
( 7.8, 6.6, 3.6)
( 7.8, 6.6, 3.6)
( 7.8, 6.6, 4.2)
( 7.8, 6.6, 4.2)
Dimension of 1 
Unit model (cm) 
( X, Y, t )
Model chart
Side view
15n1n1RL,15n -2L⑭
11n3n3R12cm,11n-6L⑲
14n1n1RL,14n -2L⑬
12n1n1RL,12n -2L⑪
13n1n1RL,13n -2L⑫
⑩
⑨
⑧
⑦
⑥
Number
13n1n1R12cm,11n -13L
1.5n
2n
2.5n
3n
No. layer 
of Raft
13n
13n
13n
13n
No. bending 
member
Model chart
Top view
1.5R12cm,11n -13L
2R12cm,11n -13L
2.5R12cm,11n -13L
3R12cm,11n -13L
Model chart
Front viewCase
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*aRc,dn-bL a; No. of layers Raft (R)
b; No. of axial element (L)
c; pattern of Raft member
d; N0. of bending member
n;   timber diameter 0.6cm  
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 (a)                                  
(b) (c)  
Figure 4.1:  Test set up (a) Dimensions of test set-up (b) Overview of test set-up (c) 
end of testing. 
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Figure 4.2:  Detail of scale model pattern raft. 
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Figure 4.3:  Detail of scale model. 
 
4.3 Test result and discussions 
4.3.1 General Observations 
The flexural response of composites raft during the test for each test case is shown 
in detail from Fig. 4.4 to Fig. 4.12. 
 
 
Figure 4.4:  Composites Raft case 1R12cm,11n-13L (side view). 
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Figure 4.5:  Composites Raft case 1.5R12cm,11n-13L (side view).  
 
 
 
 
Figure 4.6:  Composites Raft case 2R12cm,11n-13L (side view).  
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Figure 4.7:  Composites Raft case 2.5R12cm,11n-13L (side view).  
 
 
 
 
Figure 4.8:  Composites Raft case 3R12cm,11n-13L (side view).  
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Figure 4.9:  Composites Raft case 3R12cm,11n-13L (Top view). 
 
 
 
 
 
 
Figure 4.10:  Composites Raft case 3R12cm,11n-9L (Top view). 
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Figure 4.11: Composites Raft case 3R12cm,11n -6L (Top view). 
 
 
 
 
 
 
Figure 4.12: Composites Raft case 3R12cm,11n 3L (Top view). 
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4.3.2 Effect of Raft layer 
Figure 4.13 shows the effect of the number of raft layer, pattern A (long timber) 
which controlled the same axial raft member. The result indicated that for case 3RL,11n 
-13L(No.①) has the highest rigidity, the deflection of which is about 7.48mm under the 
loading of 3.25 kg. For case 1RL,11n -13L(No.⑤) has  the lowest rigidity with deflection 
of around 31.59mm under 3.15 kg loading.  
Figure 4.14 shows the effect of the number of raft layer pattern B (short timber) 
which controlled the same axial raft member. The case 3R12cm,11n -13L(No.⑥) resulted to 
the highest rigidity with  deflection of about 8.78mm under loading 3.25 kg. For case 
1R12cm,11n -13L(No.⑩) has the lowest rigidity, deflection of about 17.48mm under the 
same loading level.  
 
4.3.3 Effect of bending members 
Figure 4.15 shown the effect of the number of bending members of raft pattern A 
(long timber) which has the same one layer of raft. The result clearly shown that 1RL,15n 
-2L(No.⑭) has the highest rigidity with  deflection of about 20.26mm under loading 
3.25 kg while 1RL,11n－2L（No.⑤）has the lowest rigidity with deflection of about 
31.59mm.  
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Figure 4.13:  Effect of No. of Raft layer pattern A (long timber). 
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Figure 4.14:  Effect of No. of Raft layer pattern B(short timber). 
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Figure 4.15:  Effect of bending member raft pattern A. 
 
4.3.4 Effect of Raft pattern 
Figure 4.16 shown the effect of raft pattern A (short timber) which the same one 
layer of raft composites. ZThe case of 1R12cm,11n－2L（No.⑩) resulted to highest rigidity, 
deflection of about 17.48mm while 1R21cm,11n－2L（No.⑰） has the lowest rigidity, 
deflection of about 24.41mm under loading level of 3.25 kg.  
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4.3.5 Effect of axial member 
Figure 4.17 shown the effect of the axial member raft pattern A (short timber) 
which has three layers of raft composites. The result showed that the most rigid case is 
3R12cm,11n－13L（No.⑥） with the deflection of about 8.78mm while 3R12cm,11n－3L
（No.⑳） resulted to lowest rigidity with deflection of about 15.59mm under loading 
level of 3.25 kg.  
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Figure 4.16:  Effect of Raft pattern. 
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Figure 4.17:  Effect of No. axial member for raft composites pattern B (short timber). 
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Combined studies to evaluate the effective of raft composites in terms of the ratio 
of deflection(mm) to load(kg), show that for case 3RL,11n－2L（No.①） is the highest 
rigidity, deflection of about 7.48mm under loading 3.25 kg as shown in Fig. 4.18.. For 
case 3R12cm,11n－13L（No.⑥） the deflection is about 8.78mm.  
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Figure 4.18:  Evaluate the effect of pattern of Raft composites for constructions. 
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4.4 Links between the bending tests, FEM analysis, and design of Raft composites 
 The results of laboratory model testing and numerical modeling were used to 
examine in order to develop design and construction guidelines. The Links between the 
composites short timber Raft pattern A that simulated field conditions and composites 
long timber Raft pattern B that simulated FEM 2D analysis in chapter V (Fig 4.19 and 
Fig. 4.20) are first examined. The delection of beam is given by the equation below 
EI
Pl
16
=δ ………………….. (1) 
  where δ = deflection (m), P=load (kg), l = span length (m), EI=bending stiffness. 
Rearranging Equation 1, the rigidity can be calculated: 
   δ16
PlEI = …………………..(2) 
The results of the calculations using the above equation and from bending test results is 
shown in Fig. 4.19  
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Figure 4.19:  Considered effect of short timber and long timber for composites Raft. 
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n=0.2m
5n=1.0m
Timber Raft Φ 0.20m
Width of Raft 32m
 
Figure 4.20: Detail for calculation EI of Raft (2D FEM analysis). 
 
and then; 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=⎟⎟⎠
⎞
⎜⎜⎝
⎛
timberlong
timbershort
FEM
design
EI
EI
EI
EI
………………….. (3) 
given example, Figure 4.19 for 2 layers composites Raft 1=⎟⎟⎠
⎞
⎜⎜⎝
⎛
timberlong
timbershort
EI
EI
 so from 
equation (3), we may say FEMdesign EIEI = . 
Next, the relation of EI between design and analysis in term of layer Raft as shown in 
Table 4.2 
 
Table 4.2:  Purpose relation of EI between design and analysis in term of layer Raft 
EIdesign = 0.8EIFEM3
EIdesign = 0.8EIFEM2.5
EIdesign = 1.0EIFEM2
EIdesign = 1.1EIFEM1.5
Purpose relation of EINo. of layer Raft
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4.5 Summary 
This chapter presented the results of twenty test cases of 3-point bending tests on 
composites raft. Based on the test results the following conclusions can be drawn: 
1) Composites raft very flexural response that can be use as flexible foundation 
support road embankment. 
2) Both the number of raft layers and the number of axial raft elements were 
significant on the rigidity of raft composites.  
3) Links between short timber Rafts (simulated field condition) and long timber 
Raft (simulated FEM analysis) have been established. They provide 
relationships between the designed rigidity (EI) and FEM analysis in terms of 
the number of layers of Raft. 
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   V 
          
 
 
FINITE ELEMENT MODELING OF  
RAFT & PILE FOUNDATION ON SOFT GROUND  
 
 
 
 
 
5.1 General 
In order to verify the effectiveness of Raft & Pile foundation with various analysis 
conditions, finite element analysis was done. FEM simulation embankment constructed 
over soft Ariake clay ground using a computer code PlaxisV.8. Estimated the residual 
settlement of the road surface for an embankment heights of 5.5m. The design and 
construction guidelines of using Timber Raft & Pile foundation to support embankment 
on soft clay are also given.   
 
5.2 Numerically examining an embankment on soft ground support with Raft 
&Pile foundation 
5.2.1 Problem considered and numerical model 
A very soft and thick alluvial clay layer deposit in Saga plain. This clay has the 
properties of high compressibility and high sensitivity. The depth of the layer ranges 10 
to 20 meters (Miura et al 2006).  
Figure 5.1(a) shows a location of boring test for road embankment in Saga 
Prefecture. Fig. 5.1(b) shows a cross section of the deposits at boring test site and Fig. 
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5.1(c) shows soil profile of Kaseminami and Kubota. For this case soft ground layer 
thickness varies from 9 to 11 m. 
For a road embankment constructed on soft subsoil such as Ariake clay, large 
settlement and lateral deformation will occur. These deformations will be transferred to 
the surrounding ground surface and subsoil and will damage the adjoining buildings and 
agricultural lands along the highways.  
 (a)
Kubota
Kaseminami
             
(b)
KubotaKaseminami
Soft ground
(c) 
KubotaKaseminami
Soft ground
 
 
Figure 5.1:  At test site in Saga Prefecture, Japan  (a) Boring test locations (b) Cross 
section (c) Soil profile of Kaseminami and Kubota. 
  Referring to Fig.5.1, in this present study examines the construction of highway 
embankment support with Raft &Pile foundation on a 11m deep soft clay ground. 
Figure 5.8 shows a cross section of road embankment. The embankment is 12m wide 
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top and 5.5m high. The slopes have a slope of 1:1.8. The embankment itself is 
composed of loose sandy soil. The subsoil consists of 11.0m of soft soil as mentioned 
before. The upper 1.0m of this soft soil layer is modelled as a weather crust and the 
lower 10m as clay. The phreatic level concides with the original ground surface. Under 
the soft soil layers there is a sand layer, which is included in the model.  
 
5.2.2 Boundary conditions and model parameters  
Plane strain condition was assumed. The model has dimensions of 30 m deep from 
ground surface and 80 m wide. The soft layer is about 11 m, the top weather crust(B) is 
about 1.0m, followed by the soft clay layer, Ac2, with thickness of 10 m. A sand layer, 
As2 below Ac2, with thickness of 5m underlying a thick and dense sand layer(Ds). The 
displacement boundary conditions were as follows: at bottom, both vertical and 
horizontal displacements were fixed, and for left and right vertical boundaries, the 
horizontal displacement was fixed while the vertical displacement was free (see Fig.5.2). 
The adopted drainage boundary conditions were as follow: the ground surface and 
bottom line (sand layer) were drained. The left and right boundaries were drained. The 
mechanical behavior of the clay layers was represented by soft soil model and the sand 
layers were assume to be elastic. The model parameters for subsoil based on the work 
by Chai et al (1999) and from other literature are listed in Table 5.1. Timber for Raft & 
Pile foundations were also assumed to be elastic materials (K.J.Kim, 
WWW.Ihitasca.co.th). The groundwater level was the same with ground surface level. 
The mechanical property of the fill material was represented by Mohr-Coulomb. The 
detail of the numerical simulation for embankment are summarized in Table 5.2 
( 8cases,H=5.5ｍ). Deformation behavior of the ground was studied to evaluate the 
effectiveness of the raft and pile method of the ground improvement. The vertical and 
lateral displacement behavior of the ground is the focus of the following discussions.  
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Soft clay ground
thickness11m
Construction fill
 thickness 5.5m
12m
1:1.8
 32m
Sand
CL
Dense Sand
Weather crust 1.0m
Road embankment
Soft clay
Raft
Pile Pile
 
 
Figure 5.2:  Situation of road embankment on soft soil. 
 
Embankment
With 2R6P
(5.5m)
CL
(m)
(m)
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
0.00
10.00
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-20.00
-30.00
Embankmentloading rate
0
5.5m
  Load
fill amount
  (m) 27days
Weathered crust (B), 0m-1m
Ariake clay (Ac2), 1m-11m
Sand (As2), 11m-16m
Dense Sand (Ds), 16m-30m
 
Figure 5.3: Typical finite element mesh for embankment height 5.5m. 
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5.2.3 Settlement at the center of embankment 
The important aspect of design of Raft & File foundation is how to estimate 
residual settlement of the embankment road surface correctly after it is opened to traffic 
loading.  
For embankment height 5.5m, Figure 5.4 presents the settlement at the 
embankment center at various support arrangements, the result shown that the case 
2R6P is the most effective in reducing settlement at embankment center, resulted to a 
settlement of only 1.33m after 3 years. Therefore, Raft & Pile foundation is the most 
effective type of support. The exact value of the results for all cases are summarize in 
Table 5.3. 
 
5.2.4 Displacement vectors in subsoil 
When an area of soil is loaded, the vertical stresses within the soil mass will be 
increased. The increase is greatest directly under the loaded area, but tends to extend 
indefinitely in all directions. Unbalanced forces exist which tend to cause the soil to 
move from high points to low points. The most important of these forces are the force of 
gravity and the force of seeping water which induce shearing stresses in soil. Unless the 
resultant shearing resistance on every plan within the soil mass is greater than the 
shearing forces, failure will occur in the from of movement of large mass of soil along a 
more or less definite surface. 
Figure 5.5(H=5.5m) show that displacement vectors for case with Raft support, 
downward movements extending to deeper locations are shown with outward 
movements near the toe. Raft & Pile supports resulted to more uniform downward 
movements that were confined mostly beneath the embankment, depending on the 
length of the pile.  
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Figure 5.4: Settlement at embankment center (embankment height 5.5m). 
 
Table 5.3. : Summarize the results of embankment heigh 5.5m 
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(b) with 2R6P 
 
Figure 5.5: Displacement for embankment height 5.5m  (a) with 2R  (b) with 2R6P. 
 
5.2.5 Effects of Raft  
Number layer of Raft can be an important factor affecting subsoil deformatoions. 
Figure 5.6 show the effect of number layer of Raft, the result clearly investigated the 
posible dimension of necessary Raft layer that can be support embankment height 5.5m. 
For case 2R is the highest rigidity can be made uniform displacement under 
embankment, maximum vertical displacement of about 1.67m and maximum horizontal 
displacement of about 0.24m. For case 1R is lowest rigidity, slope belong embankment 
that will not be permit the construction of a 5.5m embankment on soft ground thickness 
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11m. For cases 1.5R and 2R, using Raft alone is reasonably enough to minimize reduce 
differential settlements beneath embankment. 
Due to excess pore pressure that corresponding to displacement vector in subsoil, 
Figure 5.7. show the effect of number layer of Raft inreducing excess pore pressure, the 
result of excess pore pressure express by contour. For case with 2R uniform beneath 
embankment, extreme excess pore pressure 59.37kPa slowly to zero at a distance of 20 
m from the centerline.  
 
5.2.6 Effects of Pile 
Figure 5.8. show the effect of Raft support reduces surface vertical displacement 
beneath embankment more effectively, but with optimum pile length, the differential 
settlements at transition zones and heave beyond toe of embankment have also been 
reduced.  
Figure 5.9. show the effect of longer pile(2R6P), extreme excess pore pressure 
reduced to 42.97kPa. The effectiveness of longer Pile is evident. 
Based on mention above, 2R6P will be permit the construction of a higher 
embankment. 
 
5.2.7 Effects of Raft & Pile  
Based on laboratory model test results(chapter3), with the addition of Raft & Pile 
Foundation, vertical settlements have reduced significantly. Lateral movement of toe 
embankment also gets reduced to almost negligible levels. The lateral movements at the 
embankment toe are also reduced to almost negligible level. Pile length has significant 
influence on the vertical and lateral deformations of the embankment. 
FE analysis, combined study with Fig. 5.10 and Fig. 5.11, the result clearly 
investigated that for composities Raft & Pile foundation case 1.5R,6-0.5P. Composities 
Raft & Pile with necessary of Raft layer (1.5) and Pile length 6m with spacing 0.2m is 
the more effective in reducing deformation in ground compared to case 1R7P. 
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Figure 5.6: Effects of Raft (a) displacement for case 1R (b) displacement for case 1.5R 
(c) displacement for case 2R.  
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(a) excess pore pressure for case 1R 
With 1.5R
Embankment
(5.5m)
CL
(m)
(m)
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
0.00
10.00
-10.00
-20.00
-30.00
Extreme excess pore pressure – 57.13 kN/m2
(Pressure=Negative)
 
(b) excess pore pressure for case 1.5R 
With 2R
Embankment
(5.5m)
CL
(m)
(m)
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
0.00
10.00
-10.00
-20.00
-30.00
Extreme excess pore pressure – 55.80  kN/m2
(Pressure=Negative)
          
(c) excess pore pressure for case 2R 
Figure 5.7:  Effects of Raft on excess pore pressure (a) excess pore pressure for case 
1R (b) excess pore pressure for case 1.5R (e) excess pore pressure for 
case 2R  
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(a) displacement for case 2R     
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Figure 5.8: Effects of Pile (a)displacement for case 2R (b)displacement for case2R4P 
(c)displacement for case2R6P. 
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(a) excess pore pressure for case 2R 
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Figure 5.9:  Effects of Pile on excess pore pressure (a) excess pore pressure for case 
2R (b) excess pore pressure for case 2R4P (c) excess pore pressure for 
case 2R6P.  
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(a) displacement for case 1R7P 
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(b) displacement for case 1.5R,6-0.5P 
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(c) displacement for case 2R6P 
Figure 5.10:  Effects of Raft & Pile (a) displacement for case 1R7P  (b) displacement 
for case 1.5R, 6-0.5P (c) displacement for case 2R6P.  
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(a) excess pore pressure for case 1R7P 
With 1.5R,6-0.5P
Embankment
(5.5m)
CL
(m)
(m)
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
0.00
10.00
-10.00
-20.00
-30.00
Extreme excess pore pressure – 46.5 kN/m2
(Pressure=Negative)
 
(b) excess pore pressure for case 1.5R,6-0.5P   
  
With 2R6P
Embankment
(5.5m)
CL
(m)
(m)
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
0.00
10.00
-10.00
-20.00
-30.00
Extreme excess pore pressure – 44.35  kN/m2
(Pressure=Negative)
   
(c) excess pore pressure for case 2R6P 
Figure 5.11:  Effects of Raft & Pile on excess pore pressure (a) excess pore pressure 
for case 1R7P (b) excess pore pressure for case 1.5R, 6-0.5P (c) excess 
pore pressure for case 2R6P.  
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5.2.8 Surface vertical displacement with time response 
For embankment height 5.5m (see Figure 5.12), the case of 2R6P is found to be the 
most effective in reducing surface vertical displacement with time resulting to 
maximum surface displacement at center of 1.33m after 3 years. Beyond the toe, the 
heave was negligible, subsiding slowly to zero at a distance of 25 m from the centerline. 
The effectiveness of Raft & Pile foundation is again evident. 
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Figure 5.12:  Surface vertical displacement with time for embankment height 5.5m (a) 
after 27 days (b) after 3 months (c) after 6 months (d) after 1year (e) after 3 years. 
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5.2.9 Lateral displacement with time response 
FEM analysis has shown that for embankment height 5.5m (see Figure 5.13). The 
case of 2R6P is found to be the most effective in reducing lateral displacement with 
time resulting, result shown that the lateral displacement, increase with depth and 
maximum at 0.17m of lateral displacement up to a depth of 8.5m and steadily decreases 
to zero at a depth of 11m. The effectiveness of Raft & Pile foundation is again evident. 
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Figure 5.13:  Lateral displacement at toe with time for embankment height 5.5m 
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5.3 Evaluation of the effectiveness of Raft & Pile Foundation with subsidence 
correction  
Figure 5.14 shows the results to evaluate the effectiveness of Raft & Pile 
Foundation with subsidence correction for embankment height of 5.5m. It can be seen 
that with Raft & Pile test case 2R6P the subsidence beneath embankment is only about 
19.9 m3/m and the subsidence beyond the toe of embankment 5.5m is about 3.38 m3/m.  
 
  
2R6P
2R4P
2R
1.5R,6-0.5P
1.5R
0 5 10 15 20 25
19.9
3.38
22.5
3.35
25.5
3.53
21.9
3.78
3.38
25.9
Subsidence(m3/m)
Ca
se
s
 Subsidence beyond toe of embankment
 Subsidence beneath of embankment
LC
Embankment(5.5m)
After 1 yr
0 5 10 15 20 25 30 35
-3
-2
-1
0
1
Su
rfa
ce
 v
er
tic
al
 d
isp
la
ce
m
en
t(m
)
Distance from center line(m)
 
 
 
 
Figure 5.14:  Effectiveness of Raft & Pile foundation. 
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5.4. Performance of road embankment design height 5.5 m above the ground level 
with Raft & Pile foundation. 
Scott (1981) pointed out that design is the most complicated process that an 
engineer is called upon to perform. Design is an intricate amalgam of experience, 
judgment, measurement, and analysis, usually pursued on a trial-and-error basis. One of 
the most important design aspects for Raft & Pile Foundation is how to estimate 
residual settlements of road embankments road under operational conditions. Based on 
the results in Chapters 3, 4 and 5, the geometries of Raft and Pile have been investigated 
further in terms of determining the optimum design. 
The model dimensions are 30 m deep from ground surface and 80 m wide from the 
centerline of the embankment. The displacement boundary conditions were as follows: 
at bottom, both vertical and horizontal displacements were fixed, and for left and right 
vertical boundaries, the horizontal displacement was fixed. The adopted drainage 
boundary conditions were as follow: the ground surface and bottom line (sand layer) 
were drained. The left and right boundaries were drained. Figure 5.15 shows the finite 
element mesh for the cross section of embankment while the loading history is also 
shown in Fig. 5.21. The mechanical behavior of the clay was represented by soft soil 
model(combined Mohr-Coulomb and Modified Cam Clay) and the sand layers were 
assume to be elastic. The determined model parameters for subsoil (Chai et al 1999) and 
material properties are listed in Table 5.1. Timber for Raft & Pile foundations were 
assumes to be elastic (K.J.Kim, WWW.hitasca.co.th). The ground –water level was the 
same with ground surface. The mechanical property of the fill material was represented 
by Mohr-Coulomb model (PlaxisV.8). The conditions of the model tests are summarized 
in Table 5.4. 
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Figure 5.15: Typical Finite element mesh. 
 
 
 
 
Table 5.4:  Detail for numerical simulation of embankment.  
6No spacing0.2320.3722R8P
(with Raft & Pile)
Installed depth 
of pile (m)
Spacing of 
pile (m)
Diameter 
of raft (m)
Width of 
raft (m)
Thickness of 
raft (m)
No. layer 
of rafts
Test case
 
Note: Table 4.2 for 2 layers of Raft purpose relation of EI, EIdesign= EIFEM. 
 
Figure 5.16 presents the settlement at the embankment center with the applied 
pressure. As shown in the figure, the settlement was reduced to 1.8m with the use of 
Raft & Pile.  
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Figure 5.16:  Settlement at embankment center. 
 
Figure 5.17 (a) shows that displacements for the case with Raft & Pile are more 
uniform that tend to move downwards and confined beneath the embankment with the 
pile length of 6m. Figure 5.17 (b) shows that the surface heave beyond the toe and the 
settlement at center reduced significantly. This is a very significant advantage as there is 
negligible heave beyond the toe. Figure 5.17 (c) shows that the lateral displacements 
increase with depth and the maximum value of 0.2m located at a depth of 8.5m and 
subsequently decrease to zero at a depth of 11m. Based on this pattern of deformation, 
Raft & Pile foundation functions satisfactorily in terms of reducing lateral 
displacements.  
The excess pore pressures are shown in Fig. 5.18. The excess pore pressure with 
Raft & Pile amounted only to -77.44kPa. 
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Figure 5.17: Displacement for case with Raft & Pile (a) Total displacement after end of 
construction (25days) (b) Surface vertical displacement (c) Lateral 
displacement at toe of embankment. 
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Figure 5.18: : Excess pore pressures for embankment design height 5.5m 
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For the case of road embankments on Ariake clay foundation,  a road 
embankment of 12m wide and 5.5m of height and slope of 1V:1.8H can reasonably 
work when the soft foundation is 11m thick. The probable dimensions of Raft & Pile 
foundation can be Raft 2 layer, 32m wide and thickness 0.37m, pile diameter 0.2m and 
length 6m, subsidence correction thickness 1.8m as show in Figure 5.19. 
 
Subsidence correction
 thickness 1.8m1.43m
Thickness of Raft
(2R: 0.37m)
Soft Ariake clay ground
thickness: 11m
Construction fill
 thickness 7.3m
Design embankment
height 5.5m
12m
1:1.8
 32m
Sand
6m
CL
  
Figure 5.19:  Cross section of embankment. 
 
5.5 Summary  
Based on results of the finite element analysis, the following conclusions can be 
drawn.1) Raft & Pile foundation shows promise in reducing both settlements at 
embankment center and heave beyond the toe of embankment. They are also effective in 
reducing the generation of excess pore pressures and its rate of dissipation.  
2) Embankment load was carried by Raft, the contribution of the piles was found to 
decrease at large displacements. 
3) Using Raft alone is reasonably enough to minimize reduce differential settlements 
beneath embankment, but with piles the differential settlements at transition zone and 
heave beyond toe of embankment was further reduced. 
4) The numerical analyses provided optimum design in terms of geometries and layouts 
of Raft & Pile foundation.  
5) A 12m wide and 5.5m of high and side slopes of 1V:1.8H can be designed on soft 
Ariake clay foundation 11 m thick. The probable dimensions of Raft & Pile foundation 
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includes the following: Raft 2 layers, 32m wide and thickness 0.37m, pile diameter 
0.2m and length 6m, subsidence correction thickness 1.8m. 
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6.1. Conclusions 
Based on laboratory model test results, the following conclusions can be drawn: 
1) An embankment loading without reinforcement can only support very low 
pressures of 10 to 15kPa. With the addition of a raft or raft plus piles, failure was 
not observed even under applied pressures of 30 kPa. 
2) The addition of a flexible raft resulted to a significant reduction of both vertical 
settlements and lateral deformations. No failure was observed with increase in 
applied pressure up to 2 to 3 times the failure pressure in the case without 
support. 
3) The stability of the raft foundation could be further improved by the addition of 
piles at both sides of the raft. This additional support removes almost completely 
the heave beyond the embankment toe. The vertical deformations have also 
reduced significantly. The raft plus piles transfers better the embankment 
loading deeper into the subsoil. The lateral movements at the embankment toe 
are also reduced to almost negligible level. 
4) Pile length has significant influence on the vertical and lateral deformations of 
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the embankment. The raft with its edges supported with piles is found to be very 
effective in reducing differential deformation beneath and beyond the toe of 
embankment. The experimental results demonstrate that even in very soft soils, 
locally available and cheap timber can be effectively utilized to carry the 
embankment load safety. The results of the model test need to be validated by 
full-scale tests in the field. 
5) The flexural characteristics of raft composites can be treated as flexible 
reinforcements in the design.  
6) The number of raft layers and axial raft elements were significant on the rigidity  
of raft composites. Links between short timber Rafts (simulated field condition) 
and long timber Raft (simulated FEM analysis) have been established. They 
provide relationships between the designed rigidity (EI) and FEM analysis in 
terms of the number of layers of Raft. 
The results of finite element analysis have the following conclusions: 
 
1) FEM of analysis has shown that the advantages of using timber Raft & Pile are 
reducing both settlements at embankment center and heave beyond toe of 
embankment. 
2) FEM analysis has shown that timber Raft & Pile also reduce and the generation of 
excess pore pressures in the subsoil and its rate of dissipation. 
3) Embankment load was carried by raft, the contribution of the piles was found to 
decreases at large displacements. 
4) Raft support reduces differential settlements beneath embankment more 
effectively, but with pile, the differential settlements at transition zones and heave 
beyond toe of embankment have also been reduced. 
5) A design example has been produced to illustrate different design parameters such 
as number of layers, optimum pile length, and thickness of corrected filled 
material and differential settlements inside and outside the toe of embankment. 
An embankment of12m wide and 5.5m of high, and side slopes of 1V:1.8H works 
well for soft Ariake clay 11m thick. Raft & Pile geometries are as follows: 2 
layers of Raft with 32m wide and thickness 0.37m, pile diameter of 0.2m and 8m 
long, and subsidence correction thickness of 2m. 
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6) Use timber as construction material in highway construction can absorb CO２
resulting to an environmental-friendly material. Besides, timber is durable when 
they are placed below the groundwater table. 
 
6.2. Recommendations for future research 
  1) Development of bending test and bending test supported by soil for large scale 
composites Raft for construction. 
2) Investigate the interaction between embankments and structures, which can be 
difficult to control in design. Most embankments on compressible soils are crossed by 
box culverts, which can pose another complexity.  
3) Study on the interaction between old and new embankments. Differential 
settlements can be an issue and solutions should be pursued.  
 4) Investigation in to performance of Raft & Pile method with PVD on thick clay 
ground. 
5) FEM 3D modeling of timber Raft & Pile Foundation of embankment on soft 
ground 
 
 
 
 
 
 
 94
PUBLICATIONS 
 
 
 
Refereed Papers  
 
1) S. Hayashi, P. Poungchompu, D. Suetsugu., and Y. J. Du (2008), “Investigation into 
performance of Raft & Pile supported embankment on soft ground”, Geotechnical 
Engineering Journal. (Accepted) 
 
2) P. Poungchompu, S. Hayashi, D. Suetsugu, Y. J. Du. And M. C. Alfaro（2008), 
“Analysis of Raft & Pile foundation on soft Ariake clay ground subjected to 
embankment loading”, Lowland Technology International Journal. (under review) 
 
3) S. Hayashi, P. Poungchompu, Y. J. Du, and D. Suetsugu. (2006), “Experimental 
study on performance of timber Raft & Pile foundation of embankment on soft ground”, 
International Symposium on Lowland Technology, Saga University, Japan, pp. 207-212.  
 
4) P. Poungchompu, S. Hayashi, Y. J. Du, and D. Suetsugu. (2007), “Laboratory study 
on timber Raft & Pile foundation on soft ground”, International 60th Canadian 
Geotechnical Conference & 8th Joint CGS/IAH-CNC Ground water Conference, Ottawa, 
Ontario, Canada, pp. 1809-1815. 
 
5) P. Poungchompu, S. Hayashi, D. Suetsugu, Y. J. Du. And M. C. Alfaro（2008), 
“Finite element of Raft & Pile foundation on soft Ariake clay ground subjected to 
embankment loading”, International Symposium on Lowland Technology, Busan, 
Korea.  
 
 
 
 
 
 
 
PUBLICATIONS 
 95
Domestic conferences 
 
1) P. Poungchompu, S. Hayashi, Y. J. Du, D. Suetsugu and Y. Miyoshi (2006), 
“Development of Laboratory test apparatus for studying performance of Raft & Pile 
foundation in soft ground subjected to embankment loading”, Proceedings of 41thAnual 
Meeting of the Japan Geotechnical Society, Kagoshima, Japan. 
 
2) P. Poungchompu, S. Hayashi, Y. J. Du, D. Suetsugu and Y. Miyoshi (2006), 
“Preliminary study on behavior of model Raft & Piled foundations in soft ground 
subjected to road embankment loading”, Proceedings of the Anual Conference of the 
Japan Society of Civil Engineers, Kyushu Branch, Miyasaki, Japan. 
 
3) P. Poungchompu, S. Hayashi, D. Suetsugu, Y. J. Du, Y. Miyoshi and T. Umeda. 
(2008), “Finite element modeling of Raft & Pile foundation on soft Ariake clay ground 
subjected to embankment loading”, Proceedings of the Anual Conference of the Japan 
Society of Civil Engineers, Kyushu Branch, Nagasagi, Japan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PUBLICATIONS 
 96
 
